Shape memory polymers (SMPs) have attracted significant research efforts due to their ease in manufacturing and highly tailorable thermomechanical properties. SMPs can be temporarily programmed and fixed in a nonequilibrium shape and are capable of recovering the original undeformed shape upon exposure to a stimulus, the most common being temperature. Most SMPs exhibit a one-way shape memory (1W-SM) effect since one programming step can only yield one shape memory cycle; an additional shape memory cycle requires an extra programming step. Recently, a novel SMP that demonstrates both 1W-SM and two-way shape memory (2W-SM) effects was demonstrated by one of the authors (Mather). However, to achieve two-way actuation this SMP relies on a constant externally applied load. In this paper, an SMP composite where a pre-stretched 2W-SMP is embedded in an elastomeric matrix is developed. This composite demonstrates 2W-SM effects in response to changes in temperature without the requirement of a constant external load. A transversal actuation of ∼10% of actuator length is achieved. Cyclic tests show that the transversal actuation stabilizes after an initial training cycle and shows no significant decreases after four cycles. A simple analytic model considering the programming stress and actuator dimensions is presented and shown to agree well with the transverse displacement of the actuator. The model also predicts that larger actuation can be achieved when larger pre-stretch of 2W-SMP is used. The scheme used for this polymer composite can promote the design of new shape memory composites at micro-and nano-length scales to meet different application requirements.
Introduction
Shape memory polymers (SMPs) are a class of environmentally activated materials that are capable of undergoing large deformations which are recoverable upon application of an environmental stimulus. Out of all the environmental stimuli (light, humidity, electric fields, etc), temperature is the most widely studied. This is a consequence of the ease in ability to tailor the thermomechanical properties of thermally activated SMPs, such as the glass transition temperature (T g ) and the 5 Author to whom any correspondence should be addressed. temperature range for the glass transition region (Lendlein et al 2004 , Liu et al 2006 , Mather et al 2009 , Ortega et al 2008 . SMPs can be programmed and temporarily fixed in a nonequilibrium shape and are capable of fully recovering the original undeformed shape. A typical shape memory (SM) cycle in an amorphous network SMP is a two step process. First, the shape is programmed by deforming the material into its required temporary shape at a temperature above T g then cooling to a temperature below T g to fix the shape. Second, the shape is recovered by increasing the temperature above T g under free or constrained recovery boundary conditions. In this case, for an amorphous network SMP, the SM behavior Figure 1 . Schematic showing the difference between the one-way and two-way shape memory effects where T H and T L are temperatures greater than and less than the material's transition temperature. The top arrow represents the 1W-SM effect while the circularly oriented arrows represent the repeatable, thermally controlled 2W-SM effect occurring due to a constant load.
is the result of the glass transition (Lendlein et al 2004 , Liu et al 2006 , Qi et al 2008 . Once the material has recovered, it requires an additional programming step for any further recovery. Therefore, as shown schematically in figure 1 under free recovery conditions, this behavior is referred to as a oneway shape memory (1W-SM) effect since additional recovery behavior requires an additional programming step. There have been great efforts in modeling this behavior under both free and constrained recovery conditions , Chen and Lagoudas 2008a , 2008b , Chen et al 2008 , Liu et al 2006 , Qi et al 2008 , Tobushi et al 1996 . In many applications, 1W-SM is sufficient. For example, the 1W-SM behavior for an SMP under fully confined recovery conditions has been harnessed in the field of self-healing materials where it has been shown that multiple crack closure or healing events can occur with only one programming step due to geometric confinement (Li and John 2008 , Li and Nettles 2010 , Xu and Li 2010 .
The requirement of an additional programming step in SMPs exhibiting 1W-SM effects is a significant drawback in some applications.
Recent development of a novel semicrystalline poly(cyclooctene) (PCO) based SMP by one of the authors (Mather) (Chung et al 2008) allows for an SMP with the capability of exhibiting both 1W-SM and two-way shape memory (2W-SM) effects. Here, both the 1W-and 2W-SM effects are achieved via stretch induced crystallization (SIC) which can cause stress relaxation under a constant stretch when the temperature is lowered (Chung et al 2008 , Gent 1954 , Westbrook et al 2010c . In the programming step, the SMP is initially stretched at a temperature above the transition temperature (T t ) under a constant externally applied tensile load, causing the chains to align in the direction of the applied strain. The SMP is then cooled below T t while maintaining the external load. This leads to the formation of crystalline domains which are stress-free upon formation and result in an increase in material stretch to obtain an equilibrium force balance in the material. Subsequently heating the material above T t causes the sample to recover its initially preloaded shape upon melting of the crystalline domains. Under a constant load, these programming and recovery steps are repeatable under thermal cycling as shown schematically in figure 1. This process is referred to as a 2W-SM effect. Furthermore, the material can achieve a 1W-SM effect by removing the external load after programming, allowing full shape recovery with respect to the initially undeformed configuration. As with the amorphous SMP that exhibits 1W-SM effects (1W-SMP) having a reprogramming drawback, the semicrystalline 2W-SMP has its own drawback in which it requires a constant externally applied load in order to achieve the 2W-SM effect.
In typical SMP applications, it is desirable to have the ability to harness the 2W-SM effect without the requirement of a constant externally applied load.
A very wellknown application exhibiting these conditions of free-standing actuation in metals is the bimetallic strip which actuates through the difference in the thermal expansion of the two metals. In order to achieve free-standing 2W-SM behavior, SMP composites must be developed. Using the mismatch in the change in thermal expansion and contraction between an epoxy-based resin and a fiber-reinforced epoxy-based polymer, Tamagawa (2010) introduced a polymeric laminate that is capable of repeated thermal cycling (2W-SM behavior) without delamination and a maximum bending curvature of 0.002 mm −1 . Recently, Chen et al (2010 Chen et al ( , 2008 ) demonstrated a bilayer polymeric laminate composed of an elastic polymer and a crystallizable SM polyurethane capable of thermally activated 2W-SM effects in bending. Chen et al showed two repeatable cycles with some loss of actuation referred to as pre-training the actuator and showed dynamic mechanical analysis results of the laminate structure, suggesting that more than five cycles can be repeated. The mechanism for the 2W-SM behavior in the actuator by Chen et al is attributed to the difference in the temperature dependent elastic modulus between the two materials. In this paper, a method for manufacturing a polymer composite actuator (herein referred to as the actuator) and its characterization under free-standing thermal cycling are presented. The actuator was able to demonstrate more than four shape memory cycles without showing much decay in its shape memory capability. Based on the understanding of the SM mechanism for this material, a simple model was proposed and shown to compare favorably with experimental results. The paper is arranged as follows. In section 2, the materials used in this paper are introduced, the characterization of their thermally activated behavior is briefly presented and the methods for fabricating and characterizing the behavior of the actuator are discussed. In section 3, the results from the actuator behavior experiments are shown. In section 4, the behavior of the actuator is discussed and a simple model is introduced to quantify the actuator's thermally activated deformation. Lastly, conclusions and future work are presented.
Methods

Materials
2W-SMP (Embedded material).
Sheets of 2W-SMPs were synthesized following the detailed procedure by the authors (Chung et al 2008) . In particular, poly(cyclooctene) (Evonik-Degussa Corporation, Vestenamer 8012) with a trans content of 80% and dicumyl peroxide (DCP) (>98% purity, Aldrich) were used as received. This polymer and crosslinking reagent were blended intimately using a Randcastle single screw Microtruder (RCP 0625) with screw diameter 0.625 inches and an effective L/D ratio of 24:1. The Microtruder temperature set-points were 70
• C (feed zone), 75
• C (melting zone), and 80
• C (metering zone). The 1 mm cylindrical die temperature was set to 80
• C. The dried PCO pellets were then fed into the feed chamber and mixed with 2 wt% DCP, based on the weight of PCO pellets to obtain the desirable composition in the final products. A rotation speed of 50 rpm was chosen. Such a process is capable of melting the polymer and uniformly dispersing the peroxide, without inducing any detectable cross-linking. The extrudate was collected as a strand from the microtruder and cut into small pellets. These pellets were re-extruded to ensure homogeneous mixing. The final extrudate was cooled to room temperature. Next, the blended PCO/DCP mixture was molded into a crosslinked film using compression molding. In particular, the extrudate was pressed between two hot platens, with a square Teflon™ spacer inserted, preheated to 180
• C and then cured for 30 min under a load of 4448 N (about 1000 lb), which assured a good seal at the Teflon spacer. The press was then slowly cooled to room temperature and the fully cured specimens isolated with uniformly white appearance. While samples featured DCP concentrations varying from 1 to 2 wt% (based on the weight of PCO), only experimental results for PCO with 2 wt% of DCP are presented and used in this paper. Results for the shape memory properties of PCO crosslinked with other DCP weight contents can be found in (Chung et al 2008) . The 2W-SMP behavior was explored according to the procedure described in recent works by the authors (Chung et al 2008 , Westbrook et al 2010c .
Here, a brief description of the experiment and the results showing the 2W-SM effect are given. A specimen with dimensions of 40 mm × 2.4 mm × 0.84 mm was sectioned from the fully cured PCO sheet and tested. The specimen is thermally cycled under creep conditions with a constant nominal stress (herein referred to as programming stress) to measure the 2W-SM behavior. The actuation strain (Chung et al 2008) is used to characterize the 2W-SM behavior where L H is the pre-stressed length of the sample at T H = 70
• C, L is the length as the temperature varies and λ act is the actuation stretch. Note, as previously reported T g = −70
• C for the PCO material (Chung et al 2008) . Figure 2 shows the results of the experiments characterizing the 2W-SM effects. Briefly, two salient features can be seen from these results. First, the actuation strain at the end of the cooling step and during the heating step reaches values of 24.8% and 26.2%, respectively. Second, it is clear that the recovery of the actuation strain during heating shows a large hysteresis loop with a temperature delay of approximately 17
• C. A more indepth discussion on this behavior can be found in Chung et al (2008) and Westbrook et al (2010c) where the constant applied stress dependence on the 2W-SM behaviors is also discussed. Furthermore, the initial Young's modulus of the PCO-DCP material is determined from the curve fitting E s = 1.4 MPa at 70
• C (Westbrook et al 2010c) .
Matrix material.
To achieve 2W-SM behavior in the actuator presented in this paper, a polymeric material with a T g below the actuator thermal cycle temperature range (effectively an elastomer) is required as the matrix material. Here an acrylate-based polymer is used. The matrix material was prepared following the procedure given in Ortega et al (2008) where the effects of the polymer constituent compositions on the thermomechanical properties of the acrylate-based SMP are studied. The prepolymer solution Step 1: the PCO-DCP strip is programmed at T H and its shape is fixed at T L ; step 2: the programmed strip is mounted inside the custom-manufactured aluminum mold; step 3: the matrix material is injected inside the mold and photo-cured; step 4: the mold is thermally cured and the pre-sectioned actuator is removed; step 5: the actuator is sectioned to the required geometry. The final dimensions of the actuator are referenced in table 1.
was prepared by the copolymerization of tert-butyl acrylate (tBA) (98% purity, Aldrich) with poly(ethylene glycol) dimethacrylate (PEGDMA), M n = 750 (PEGDMA750) (Aldrich). Comonomer solutions were produced by mixing 55 wt% PEGDMA750 with 45 wt% tBA. The photoinitiator 2,2-dimethoxy-2-phenylacetophenone (99% Purity, Aldrich) was added to the comonomer solution at a concentration of 0.2 wt% of the total comonomer weight and manually mixed until fully dissolved. For material characterization, such as dynamic mechanical analysis (DMA) and isothermal uniaxial tensile experiments, specimens were prepared by injecting the comonomer solution between two Rain-X (SOPUS Products, Houston, TX) coated glass slides separated by glass spacers, secured by binder clips and exposed to UV light for a period of time. Since the actuator testing range was between 15 and 70 • C (discussed in section 2.2.2), the chemical composition was chosen from Ortega et al (2008) such that the T g of the matrix material was below 0
• C. DMA experiments showed T g = −10
• C. Isothermal uniaxial tension experiments at 70
• C were performed at a strain rate of 0.01% until fracture. Inspection of the initial slope of the resulting stress-strain behavior (not shown) yielded an initial Young's modulus, E m = 11.4 MPa. The remaining comonomer solution was used in preparing the actuator discussed in section 2.2.
Polymer composite actuator 2.2.1. Actuator fabrication.
A schematic showing the fabrication process for the actuator is shown in figure 3 . The fabrication process for the actuator was comprised of five steps. In step 1 the PCO-DCP strip was sectioned from the bulk sheet to have dimensions of 40 mm × 2.4 mm × 0.84 mm and programmed following the steps discussed above. Specifically, the strip was stretched under a stress of 700 kPa at 70
• C and then cooled to T L = 15
• C at a rate of 2 • C min −1 . The external load was then removed and the programmed strip was used immediately in the actuator embedding step. In step 2, the programmed PCO-DCP strip was inserted into the mold in preparation for embedding. The mold was machined with slots on each end located off center in the thickness dimension for this purpose. The enclosed, interior section of the mold was designed to be wider than the required actuator dimensions to allow for the removal of any edge defects that may be introduced during polymerization. The PCO-DCP strip was secured in place to restrict it from recovering any of its deformed length during the exothermic polymerization of the chosen matrix material and the post-polymerization thermal curing processes. In step 3 the mold was sealed by securing two Rain-X pretreated glass slides on the top and bottom using binder clips and the matrix material comonomer solution was then injected into the sealed mold using a syringe. After the mold was filled, it was placed under a UV lamp for a total of 4 min, turning over every minute to ensure the matrix material cured on both sides of the embedded strip. In step 4 the sealed mold was then placed in an oven preheated to 70
• C for 30 min to ensure the polymerization was complete and to remove any residual stresses introduced in the matrix material during polymerization, and then was allowed to cool to room temperature. Afterward, the pre-sectioned actuator was removed from the mold. In step 5, the actuator was sectioned to the required actuator dimensions. The total width of the actuator was cut to a length approximately three times the width of the programmed PCO-DCP strip giving overall actuator dimensions of 46.73 mm × 4.85 mm × 2.76 mm (reference table 1).
Actuator characterization experiments.
The actuator characterization experiments were performed using an MTS Universal Materials Testing Frame (Model Insight 10) equipped with a customized Thermcraft thermal chamber (Model LBO) and a temperature controller (Model Euro 2404). The actuator was mounted inside the thermal chamber to the top grip attached to the frame. A grid was placed behind the sample for tracking the actuator deformation via time-lapsed photography. Once the actuator was mounted, the thermal chamber door was closed and a digital camera was set up outside the thermal chamber. The chamber temperature was decreased to T L and 30 min was allowed to equilibrate before starting the test. The thermal history of one cycle is described by the following. First, the temperature was held constant at T L for 5 min and then heated to T H at a rate of 2
• C min −1 . Once T H was reached, the temperature was held constant at T H for 10 min and then cooled to T L at a rate of 2 • C min −1 . Then, the temperature was held constant at T L for an additional 5 min. Here, as before, T H = 70
• C and T L = 15 • C. The experiment consisted of five thermal cycles and photos were taken at 5 s intervals.
Results
The results of the actuator characterization experiments are shown in figures 4 and 5. Figure 4 shows the actuator deformation at different temperatures for the first cycle, referred to as the training cycle. During the heating step, the actuator begins to deform at a temperature of 40
• C and reaches the full actuation at approximately 60
• C. During cooling, the actuator starts to recover at 35
• C (not shown) and nearly reaches a fully recovered state at 20
• C. Small dots on the side of the actuator were included to measure the deformation behavior of the actuator during thermal cycling. Point A in figure 4 is used to track the transverse displacement of the actuator end. During the training cycle, the actuator reaches an actuation of ∼6.00 mm but does not recover to its original position, losing ∼0.7 mm travel for the transverse displacement.
Beyond this first training cycle, reversible bending actuation is observed with good repeatability among subsequent cycles. Figure 5(A) shows the transverse displacement of point A for the remaining four thermal cycles. Recall from figure 2, the actuation strain of the PCO-DCP specimen produced a large hysteresis loop between cooling and heating with a temperature span of approximately 17
• C. Similar behavior is also observed for the actuator upon cooling and heating with the same 17
• C temperature span shown in figure 5(A). The major difference is that the actuator demonstrates a temperature shift in this hysteretic behavior compared to the PCO-DCP strip. Specifically, for the cooling step the PCO-DCP specimen by itself featured respective SIC fusion and saturation temperatures of 38 and 32
• C whereas the actuator deformation presents a temperature delay of almost 5
• C. Furthermore, this temperature delay is apparent in the heating step between the actuator and the PCO-DCP specimen where the PCO-DCP specimen displayed respective SIC melting and depletion temperatures of 50 and 55
• C. This can be attributed to the insulating properties of the matrix material in delaying the temperature response of the embedded 2W-SMP specimen and/or the constraint imposed by the matrix material on the recovery of the embedded 2W-SMP specimen. Considering that the heating/cooling rates were slow in the present study (2 • C min −1 ) the latter appears to be the more likely reason. Figure 5(B) shows the highly repeatable behavior of the actuator through the evolution of the maximum actuation during a thermal cycle (taken to be the transverse displacement at 70
• C) for all cycles as it asymptotically reaches a saturation value ∼4.95 mm or ∼10.6% of the actuator length. Although only a total of five actuation cycles were investigated, figure 5(B) shows that there is no significant loss of actuation after the first training cycle and, moreover, the maximum actuation reaches a saturation figure 4) for the four thermal cycles after training was performed and (B) the evolution of the maximum transverse displacement occurring at 70
• C (dashed line represents the analytic solution discussed in section 4).
value which can be considered the working range of the actuator.
Modeling and discussion
To capture the bending deformation of the actuator, a simple analytic model is developed. The appendix describes the details of the mechanical model for the actuation of a multilayer beam and applies it to the special case of the polymer composite actuator in this paper. For this actuator, the cross-section in its undeformed state is given in figure 6 where the matrix material cross-section (unshaded) and the embedded PCO-DCP strip cross-section (shaded) are shown with corresponding dimensions and the location of the neutral axis for the intentional offset location of the embedded strip. The location of the mid-plane and the curvature κ can be determined by solving the linear equations:
where M σ and N σ are the resultant moment and force due to the recovery stress in the 2W-SMP strip in the mid-plane, respectively, and B and D are constants determined from the actuator geometry, mechanical properties of PCO and matrix materials and the programming stress (see the appendix for calculations). The curvature κ of the actuator during bending is related to the actuator's transverse end displacement d by
where L is the actuator length. The initial programming stress of the 2W-SMP strip (step 1 of the manufacturing process) was 700 kPa, which led to a material stretch of 150%. During the cooling stage, the strip was further stretched by an additional 27% (due to stretch induced crystallization), resulting in a total 2W-SMP stretch of 177%. After the 2W-SMP strip was embedded into the polymer matrix, the constraint of the matrix prevented the 2W-SMP strip from recovering to its original length. Since the 2W-SMP has a lower modulus and a smaller cross-sectional area than the matrix, the length of 2W-SMP can be assumed to be nearly unchanged during the heating. Therefore, the total stretch of the 2W-SMP at high temperature is 177%, leading to an actual actuator programming stress of 1.08 MPa. The actuator has a width w 1 of 4.85 mm (the remaining dimensions are summarized in table 1). The analytic model predicts a transverse displacement of 7.00 mm for point A at the actuator end which compares to 6 mm for the end of the first cycle and an approximate saturation value of 5.6 mm at the end of the fifth cycle for the experimental results (comparison shown in figure 5(B) ). The discrepancy between the model prediction and the experiment could be due to two reasons. First, the interface between the 2W-SMP and the matrix may not be perfect to transfer the load. This may cause some loss in actuation. Second, the model assumes that the length of the 2W-SMP strip does not change during heating, which could overestimate the programming stress, and thus over-predict the actuation displacement. As discussed later, a more detailed model should consider the thermomechanical history of the 2W-SMP strip and its mechanical balance with the matrix. Given that the model is able to predict the maximum transverse end displacement of the actuator at the high temperature, the model is used to explore the actuator design space which is constrained by the mold geometry and programming stress. Here, the programming stress is varied from 500 to 900 kPa and the ratio of the total actuator width to the embedded 2W-SMP strip width is varied from 2 to 4. The results are shown in figure 7 where the model prediction for the actuator geometry used in this study is represented with a bold black dot on the contour plot. The degree of actuation, expressed as normalized transverse displacement d/L, can be increased either by reducing the amount of the matrix material constrained through a reduction in total actuator width or by increasing the programming stress of the embedded strip. The contours can be used as a guide for the required deformation characteristics of an actuator in an application. It should be noted that there are inherent drawbacks from a design perspective in decreasing the actuator width geometry (amount of constraining material) while increasing the programming stress in the case of thermal cycling such as tear-out of the embedded specimen. Future work in this study will include experimentally investigating the design space (actuator dimensions and programming stress) using the same two materials introduced here along with presenting a temperature dependent model for more accurately predicting the actuator response.
Although the simple analytic model presented here is able to predict the isothermal maximum actuation behavior for the actuator presented in this work, to fully characterize the behavior, such as the experimentally observed temperature hysteresis and the SIC formation and melting characteristics observed in both the actuator and 2W-SMP specimen itself, a more complicated model is needed. Taking advantage of a previous model (Westbrook et al 2010c) for the 2W-SM effect in the semicrystalline SMP used here, a model to predict the temperature dependent actuation behavior is feasible. Investigating the design space of the actuator as described above and introducing this more complex model will allow for the adaptation of the actuator introduced here. This work is currently carried out by the authors and will be reported later.
Conclusions
It is desirable to harness the 2W-SM effects in applications where a free-standing actuator behavior is required without external constraints or stresses. In this paper, a method to fabricate a polymer composite actuator is presented. The freestanding 2W-SM effects of the actuator were realized through embedding a 2W-SMP that exhibits 2W-SM behavior under a constant external stress inside a polymer matrix. The actuator was characterized for multiple thermal cycles and showed that after an initial training cycle, the transverse displacement of the actuator end decreased slightly for each additional cycle and ultimately approached a saturation value. A simple analytic model was presented to predict the maximum transverse displacement relatively well. The model was then used to explore the design space of the actuator where the actuator geometry and the programming stress of the embedded 2W-SMP specimen could be varied. The layers are numbered i = 1, 2, . . . , N where 1 is the top layer and N is the bottom layer. Each layer has a thickness t i where the total thickness of the structure is t. Each of the layers consists of an isotropic material with a Young's modulus E i and may have a constant internal stressσ i . It is assumed that the stress state is one-dimensional, i.e. the only nonzero normal stress component is σ = σ X . The thickness t and width b are both much less than the length L. The displacement u at any position z through the thickness of the layered beam is assumed to be described by the classical Euler-Bernoulli hypothesis so that the displacement of any point in the layered beam is given by where u o and w o are the displacements of the geometric midplane at z = 0 in the x-and z-directions, respectively. The normal strain in this one-dimensional idealization is
where
In equations (A.3), ε o is the mid-plane strain and κ is the midplane curvature.
The stress-strain relations (Hooke's law) for each layer are
Substituting equation (A.2) into equation (A.4) yields the stress distribution through the thickness
Now the resultant force N and moment M in the midplane in the x-direction with width b in the y-direction is defined as
Substituting equation (A.5) into equations (A.6) and breaking the integrals through the thickness into sums of integrals over each layer yields
In the terminology of laminated composite materials, A, B, and D are the extensional, coupling, and bending constants, respectively, and are functions of the Young's modulus of each layer and the arrangement of the layers through the thickness. Physically, A describes the connection between the in-plane force and straining of the mid-plane, D describes the connection between the moment and curvature and B connects the moment to the mid-plane strain and the force to the curvature.
Equations (A.7b) can be written as either
A.2. Application to the polymer composite actuator
Figure 6 schematically shows the cross-section of the 2W-SMP actuator which consists of three isotropic layers. Layer 1 and layer 3 with width w 1 and Young's modulus E m (Young's modulus of the matrix) while layer 2 consists of two parts: in the middle there is the PCO-DCP strip with width w 2 and Young's modulus E s (Young's modulus of the strip) and outside of the PCO-DCP strip there is the matrix with width w 1 − w 2 and Young's modulus E m . There is a residual stresŝ σ 2 = S in the PCO-DCP strip of layer 2 that results from the programming of the PCO material and no residual stress in the matrix. Since no external force is applied ε o = 0. For this scenario, the resultant force and moment in the mid-plane given in equation (7) Using equations (A.13), the curvature κ and the location of mid-plane z 0 can be determined. Note the relationships between z i and the geometry of the actuator are z 1 = z 0 + h T , z 2 = z 0 + h T + h 2 , and z 3 = z 0 + h T + h 2 + h B .
